The mammalian retina consists of multiple cell layers including photoreceptor cells, which are light sensing neurons that play essential functions in the visual process. Previously, we identified mutations in SPATA7, encoding spermatogenesis associated protein 7, in families with Leber Congenital Amaurosis (LCA) and juvenile Retinitis Pigmentosa (RP), and showed that Spata7 null mice recapitulate the human disease phenotype of retinal degeneration. SPATA7 is expressed in the connecting cilium of photoreceptor (PR) cells in the mouse retina, as well as in retinal pigment epithelium (RPE) cells, but the functional role of Spata7 in the RPE remains unknown. To investigate whether Spata7 is required in PRs, the RPE, or both, we conditionally knocked out Spata7 in photoreceptors and RPE cells using Crx-Cre and Best1-Cre transgenic mouse lines, respectively. In Spata7 photoreceptor-specific conditional (cKO) mice, both rod and cone photoreceptor dysfunction and degeneration is observed, characterized by progressive thinning of the outer nuclear layer and reduced response to light; however, RPE-specific deletion of Spata7 does not impair retinal function or cell survival. Furthermore, our findings show that both Rhodopsin and RPGRIP1 are mislocalized in the Spata7
Introduction
The mammalian retina consists of a variety of cell types that have specialized roles in visual processing and function together to allow for normal vision. Photoreceptors are light-sensing neurons in the retina which function by absorbing photons from the visual field that triggers the phototransduction cascade, converting light into electrical impulses. The retinal photoreceptor layer is composed of rods, which are responsible for sensing low light and peripheral vision, and cones, which are responsible for color and high-resolution vision. Loss of rod and/or cone function can result in several forms of retinal dystrophy (RD), and mutations in several genes have been identified to be associated with RD (Bok, 2007; Daiger et al., 2014; Nash et al., 2015; Riaz and Baird, 2016) . For instance, mutations in over 22 genes have been associated with Leber Congenital Amaurosis (LCA, MIM 204000), and over 80 disease loci have been identified for Retinitis Pigmentosa (RP, MIM 268000). LCA is a highly heterogeneous form of inherited retinal dystrophy that manifests congenitally and is characterized by severe visual loss in which both rods and cones are affected (Sharif and Sharif, 2017; Weleber et al., 1993) . In contrast, RP is a form of retinal degeneration that has a later onset, and involves progressive degeneration of retinal photoreceptors in which rods are primarily affected, and http://dx.doi.org/10.1016/j.exer.2017.10.015 Received 15 June 2017; Received in revised form 10 October 2017; Accepted 13 October 2017 cones often degenerate subsequently (Fahim et al., 1993) . Both LCA and RP are the most common inherited forms of RD eye diseases which result in visual impairment in humans.
Previously, we identified disease-causing mutations in SPATA7, encoding spermatogenesis associated protein 7 (MIM 609868), in families with LCA and juvenile RP (Wang et al., 2009) . Following this report, additional studies have identified SPATA7 mutations in patients with these diseases, clearly demonstrating a causal link between SPA-TA7 and human retinal disease (Kannabiran et al., 2012; Mackay et al., 2011; Matsui et al., 2016; Mayer et al., 2015; Perrault et al., 2010; Watson et al., 2014) . Recently, we examined the effects of germline disruption of Spata7 and showed that Spata7 knockout (KO) mice exhibit early onset retinal degeneration, and the phenotype can be rescued by gene therapy Zhong et al., 2015) . SPATA7 is localized in the connecting cilium (CC) of photoreceptor cells in the mouse retina, where it interacts with RP GTPase regulator interacting protein 1 (RPGRIP1) and plays a role in trafficking of Rhodopsin across the CC to the outer segment. It is also expressed in the basal body of the primary cilium in retinal pigment epithelium (hTERT-RPE-1) cells . Additionally, Spata7 mRNA is also expressed in the ganglion and inner nuclear layers in the retina, as well as human spermatocytes and the brain (Mackay et al., 2011; Perrault et al., 2010; Wang et al., 2009) . Expression of SPATA7 is not restricted to just one cell type in the retina and the germline null mouse model does not allow study of Spata7 function in a cell-type specific manner. Therefore, we used a conditional gene targeting to ablate Spata7 specifically in the RPE and/or photoreceptors as an approach to investigate its cell typespecific function in retinal degeneration and obtain mechanistic insights into its role in retinal function and survival.
In this study, we generated a conditional Spata7 knockout (cKO) mouse allele to determine which cell type requires Spata7 function for photoreceptor survival. To ablate Spata7 in post-mitotic photoreceptors, we utilized the Crx-Cre line, which expresses Cre in developing photoreceptors in the retina (Furukawa et al., 1997 (Furukawa et al., , 2002 . Additionally, to conditionally delete Spata7 in RPE cells, we used the Best1-Cre transgenic mouse line (Iacovelli et al., 2011) . Conditional deletion of Spata7 resulted in a strong photoreceptor phenotype in the Spata7
Flox/-; Crx-Cre retina, characterized by progressive degeneration of photoreceptor cells with concomitant loss of retinal function. This phenotype is consistent with the Spata7 KO phenotype previously reported, recapitulating the disease phenotype in patients harboring SPATA7 mutations. In contrast, Spata7
Flox/-; Best1-Cre mice did not exhibit in any apparent morphological changes in the retina. Together, these findings suggest that ablation of Spata7 in photoreceptors alone is sufficient to cause retinal degeneration, and loss of Spata7 in RPE fails to cause photoreceptor cell death. ; Crx-Cre mouse retinal sections were used as controls in this study. All animals were handled in accordance with the policies on the treatment of laboratory animals by Baylor College of Medicine.
Material and methods

Generation of a Spata7 conditional allele
Measurements of outer nuclear layer (ONL) thickness
Mouse eyes were dissected, embedded in paraffin, and sectioned along the vertical meridian. The thickness of the outer nuclear layer (ONL) was measured at 20 positions equally spaced along the retina (10 positions each in the superior and inferior hemispheres). For each position, three measurements were taken and the mean value of these three measurements was calculated. Measurements were made using a camera lucida connected to a light microscope, a WACOM graphics tablet (WACOM, Vancouver, WA), and AxioVision LE Rel. 4.1 software (Zeiss, Goettingen, Germany). Before each measurement session, the setup was calibrated using a stage micrometer (Klarmann Rulings, Litchfield, NH). A minimum of three mice were used for each genotype for morphometry analysis. For morphometry statistical analysis, the Student's T-test was performed (NS = not significant, p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001).
Electroretinograms
Mice were dark-adapted overnight and anesthetized by a single intraperitoneal injection of 22 mg/kg ketamine, 4.4 mg/kg xylazine, and 0.37 mg/kg acepromazine. Both pupils were dilated with a drop of tropicamide (1.0%) and phenylephrine (2.5%) and then corneas were anesthetized with a drop of proparacaine (1.0%). After 1 min, excess amount of fluid was cleaned and a drop of Goniosoft (2.5%) was placed on each cornea to keep it moistened and provide a good contact between the cornea and the ERG electrode (N1530NNC). All ERG tests were performed under a dim red light and a heating pad was used to keep mice at a constant body temperature of 37.6°C. Six flash intensities (−34, −24, −14, −4, 0 and 10 dB) were used to record scotopic ERG a-and b-waves on a UTAS Visual Diagnostic System and EMWIN software (LKC Technologies, Gaithersburg, MD, USA). Additionally, photopic ERGs were subsequently recorded at various ages. Mice were light-adapted to a 30 cd*s/m 2 white background for 2 min after scotopic ERG recordings and then photopic ERGs were recorded with flash intensities of 0, 10, and 25 dB as previously described (Agrawal et al., 2017) . A minimum of six mice were used for each genotype for ERG analysis. GraphPad Prism5 software (GraphPad Software, La Jolla, CA, USA) was used to analyze all ERG data, and the Student's T-test was performed for statistical analysis. (NS = not significant, p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001).
Western blot analysis
Whole retinas from wild-type and mutant mice were homogenized in 100 μl of 1xNETN buffer (20% glycerol, 50 mM Tris-HCI pH8.0, 150 mM NaCI, 1 mM EDTA, 0.5% NP-40) and centrifuged for 20 min at 13,000 rpm at 4°C to harvest supernatant. Proteins were quantified by the BCA protein assay and heated at 95°C in sample application buffer (5% SDS, 15% sucrose, 50 mM Na 2 CO 3 , 50 mM DTT, 1% 2-mercaptoethanol, bromophenol blue) before being separated on a 10% SDS-PAGE gel (pH 8.8) with a 4% stacking gel (pH 6.8) and then transferred to nitrocellulose membranes at 40 mA overnight at 4°C. Membranes were first blocked with 5% dry milk in Tris-buffered saline Tween 20 (TBST) (0.05 M Tris-HCl, pH 8.0, 0.15 M NaCl, 0.05% Tween 20) at room temperature for 1 h and then incubated overnight at 4°C with primary antibodies in 5% dry milk in TBST: 1/1000 rabbit anti-Spata7 (Proteintech Group, 12020-1-AP), and 1/5000 mouse anti-β-Actin (Sigma). Membranes were further incubated with 1/5000 anti-rabbit IgG horseradish peroxidase (HRP) conjugate (Santa Cruz Biotechnology) in 5% dry milk in TBST for 1 h at room temperature. Bands were detected with the enhanced chemiluminescence (ECL) plus system (GE Healthcare).
Immunohistochemistry
Eyes were enucleated from knockout and wild-type mice. Modified Davidson's Fixative was used to fix eyes overnight for paraffin embedding. Seven micrometer eye sections were cut (Microtome, Leica). Slides were deparaffinized and antigen retrieval was performed by boiling sections in 0.01 M Tris, EDTA buffer (pH 9.0) for 30 min(10 mM sodium Citrate buffer with pH 6 was used for Cre recombinase antigen retrieval), followed by cooling for 30 min at room temperature. Slides were washed in PBS, incubated for 1 h at room temperature in hybridization buffer (10% normal goat serum, 0.1% Triton X-100, PBS), then incubated overnight in primary antibody diluted in hybridization buffer. Slides were then washed in PBS, incubated with secondary antibody diluted in hybridization buffer at room temperature for 2 h, washed in PBS, mounted with anti-fade medium (Prolong; Invitrogen) to reduce bleaching, and coverslipped. Fluorescent images were captured with a Zeiss Apotome.2 microscope (Zeiss Axio Imager M2m). Immunohistochemistry with frozen sections was conducted as previously described and all immunostaining experiments were performed independently using three biological replicates.
Isolation of mouse RPE and RT-PCR
Mouse retinal pigment epithelial (RPE) cells were isolated from two mouse eyes according to a published method (Sonoda et al., 2009 ) with slight modifications. The anterior segment, lens, and vitreous were discarded, the posterior eye cup was dissected into four flaps with a razor blade, and then the retina and sclera were gently removed from the RPE layer with forceps. RPE-choroid sheets were incubated in 2% (wt/vol) dispase solution (Gibco, Billings. MT) for 30 min at 37°C with 5% CO2 and then placed in 1% holding buffer (bovine serum albumin -BSA) (Sigma, St. Lois, MI) in phosphate buffered saline (PBS) (VWR International Inc, West Chester, PA) to stop the dispase reaction. After RPE layers were peeled off from the choroid with fine forceps, RPE sheets were placed in Trizol reagent (Invitrogen), total RNA was isolated, and first-strand cDNA was synthesized using the SuperScript™III First-Strand Synthesis System for RT-PCR (Invitrogen). Primers flanking exons 1 and 5 were used for RT-PCR.
Spectral-domain optical coherence tomography (SD-OCT)
The Ultrahigh resolution Spectral Domain Ophthalmic Imaging System (SD-OCT) (Envisu R2200 SDOIS, Leica Microsystems, Morrisville, NC) was used to perform live-imaging of mouse retinas. Prior to imaging, intraperitoneal injection of a ketamine/xylazine anesthesia cocktail (ketamine, 100 mg/kg; xylazine, 10 mg/kg) was followed by dilation of eyes with one drop of 1% cyclopentolate hydrochloride ophthalmic solution (Baush & Lomb, Rochester, NY) and one drop of 2.5% phenylephrinehydrochloride ophthalmic solution (Falcon Pharmaceuticals, Fort Worth, TX). Prior to dilation, eyes were lubricated using Systane Ultra lubricant drops (Alcon, Fort Worth, TX) and GenTeal Severe lubricant gel (Alcon, Fort Worth, TX) was used post-dilation. Mice were placed in a cylindrical cassette on the rodent alignment stage in front of the optical scanning mouse retina bore. Pupils were adjusted as needed and each eye was imaged along the entire axial length. A minimum of three mice were used for each genotype for OCT analysis, and a representative image was presented in Supplementary Fig. 1 . Image acquisition, assessment, and processing were performed using the InVivoVue 2.2 Image Acquisition Software (Leica Microsystems).
Dilutions and sources of antibodies used for immunohistochemistry
Rabbit anti-SPATA7 polyclonal antibody against the C-terminal 15 amino acids (1:2000, custom antibody made by Bethyl Laboratories), mouse anti-Rho (B6-30N, 1:200, a generous gift from W. Clay Smith), rabbit anti-RPGRIP1 (1:500, a gift from Tian Li Sen), rabbit anti-Cre antibody (1:200, Novagen) were used. Secondary antibodies were conjugated with Alexa fluor 488, 568 (1:500, Molecular Probes), and DAPI staining reagent was diluted 1:1000.
Results
Generation of Spata7 photoreceptor-specific conditional knockout mice
Previously, we generated Spata7 germline null mice by deleting Exons 1-10 ( Eblimit et al., 2015) . To generate Spata7 conditional knockout mice (cKO), we designed a Spata7 conditional allele with loxP sites flanking exons 1 through 5 (Fig. 1A) . Mice carrying the Spata7 conditional allele were confirmed by genomic Southern blot analysis and PCR (Fig. 1B and data ). To achieve a maximal level of deletion efficiency, we used Spata7 mutant mice carrying compound heterozygous alleles (Spata7 Flox/-). SPATA7 variants in human LCA3 is inherited in an autosomal recessive pattern, and Spata7 +/− mice show no detectable retinal degeneration phenotype, suggesting that having one copy of Spata7 is sufficient for normal function of the protein . Therefore, conditional Cre-mediated loss of Spata7 function using the Spata7 Flox/-alleles will result in null or nearly null phenotypes at the cellular level. We generated Spata7 Flox/-mice by crossing Spata7 null mice with Spata7
Flox/Flox mice. For photoreceptor-specific deletion of Spata7, we utilized the CrxCre transgenic mouse line, which expresses Cre in developing photoreceptors in the retina (Furukawa et al., 1997 (Furukawa et al., , 2002 , to obtain Spata7
Flox/-; Crx-Cre mice.
Loss of Spata7 in photoreceptors causes progressive retinal degeneration
Immunostaining for SPATA7 confirmed its localization to the connecting cilium in the retina of Spata7
Flox/+ ; Crx-Cre control mice, while no signal was detected in the Spata7
Flox/-; Crx-Cre adult retina, as expected ( Fig. 2A) . Additionally, robust Cre-positive staining was observed in the ONL of photoreceptor cells in the Spata7
Flox/-; Crx-Cre retina, while it was absent in the Spata7
Flox/-control retina (Fig. 2B ).
These results confirmed that the Spata7 conditional allele was specifically ablated in Cre-expressing photoreceptors. Hematoxylin and eosin (H & E) stained retinal sections from Spata7
Flox/-; Crx-Cre mice were examined for morphological defects postnatally. Histological analysis of Spata7 WT, Spata7
Flox/-, Spata7
Flox/+ ; Crx-Cre mice showed no morphological defects in the retina at adult stages (6-7 mo old) (Supp. Fig. 4) . In this study, Spata7
Flox/-, A. Eblimit et al. Experimental Eye Research 166 (2018) ; Crx-Cre mice exhibited no phenotype (Fig. 3A) . Retinal morphometry showed a 30% reduction in the thickness of ONL of Spata7
Flox/-; Crx-Cre mice at P28 in comparison to the littermate control retinas (Fig. 3D) . At 4 months, in Spata7
Flox/-; Crx-Cre mice, on average, 8 rows of nuclei remain compared to Spata7
Flox/+ control retina which contains 13 rows of nuclei.
Similarly, at7 months, an average of 4 rows of nuclei remain in Spata7
Flox/-; Crx-Cre mice compared to an average of 13 rows of nuclei present in the Spata7
Flox/+ control retina ( Fig. 3B and C) . This reduction in the overall ONL thickness shows that retinal degeneration is progressive in Spata7
Flox/-; Crx-Cre mice. Furthermore, live imaging of the retina of Spata7
Flox/-; Crx-Cre mice and control mice at 3, 5, and 7 months using optical coherence tomography (OCT) showed consistent thinning of the ONL (Supp. Fig. 1 ). Compared to the age-matched control retinas, we observe a reduction in the overall retinal thickness in Spata7
Defects in response to light in Spata7
Flox/-; Crx-Cre mutant mice
Spata7
Flox/+ ; Crx-Cre mice have normal scotopic (dark-adapted) and photopic (light-adapted) ERG responses, while Spata7 Flox/-; Crx-Cre mice at P28 exhibit a significantly reduced response to light, with a 50% reduction in the a-wave amplitude under scotopic conditions ( Fig. 4A and B) and a 20-30% reduction under photopic conditions .4 kb are detected in a heterozygous mouse using 5' (HindIII) and 3' (EcoRV) probes, respectively. (C) Western blot of SPATA7 protein probed using anti-SPATA7 antibody using retinas isolated from wild-type and Spata7 Δ1−5 knockout mice. Anti-β-actin antibody was used as a loading control.
A. Eblimit et al. Experimental Eye Research 166 (2018) 120-130 ( Fig. 4C) , suggesting that both rods and cones are affected. To determine if the functional defects in Spata7 photoreceptor-specific conditional null mice progresses over time, retinal function was reassessed at 4 months of age. Spata7
Flox/-
; Crx-Cre mice show a further reduction in the scotopic a-wave response, with a 70% reduction in a-wave amplitude and a consequent reduction in scotopic b-waves ( Fig. 4D and E) . Photopic ERGs, depicting cone function, show a consistent decline in the b-wave amplitude (Fig. 4F) . These findings indicate that loss of Spata7 in photoreceptors significantly reduces the response to light in Spata7 Flox/-; Crx-Cre mice.
Mislocalization of proteins in photoreceptor-specific Spata7 cKO retina
Based on our previous findings, SPATA7 is required for proper localization of Rhodopsin in photoreceptors . Rhodopsin is normally localized to the outer segment and plays an essential function in photoreceptor development and phototransduction. In Spata7 KO mice, Rhodopsin is mislocalized as early as P7, which precedes the photoreceptor degeneration observed at P14 . These findings suggest that photoreceptor apoptosis follows rhodopsin mislocalization and is therefore unlikely to be a secondary consequence resulting from photoreceptor degeneration. To determine whether loss of Spata7 in photoreceptors alone has the same consequence, we performed immunohistochemistry to study Rhodopsin localization in mice at 7 months. Rhodopsin (Rho) is indeed mislocalized in Spata7
Flox/-; Crx-Cre mice, while it localizes normally in Spata7 Flox/+ control mice (Fig. 5A-C ; Crx-Cre mice, the consistency of the findings in the adult retina presented here support the previous conclusions that SPATA7 presented by measuring the thickness of the ONL at 20 equally spaced positions in paraffin embedded sections along the vertical meridian of the retina for three retinas of the same genotype at P28. Three measurements were taken for each position, and a mean value was calculated. Each point represents the mean ± SEM obtained for each group (n ≥ 3 mouse retinas). Position 0 corresponds to the optic nerve head. Statistical analysis was performed using the Student's t-test (NS = not significant, p > 0.05; *p < 0.05; **p < 0.01). Scale bar = 40 μm. ONL: outer nuclear layer; INL: inner nuclear layer; GCL: ganglion cell layer.
A. Eblimit et al. Experimental Eye Research 166 (2018) 120-130 plays a role in Rhodopsin trafficking. Additionally, we also examined localization of RPGRIP1, a previously identified interaction partner of SPATA7 and RPGR (RP GTPase receptor) (Boylan and Wright, 2000; Eblimit et al., 2015) . Consistent with the findings observed in Spata7 null mice, mislocalization of RPGRIP1 is evident in the Spata7
Flox/-; CrxCre retina (Fig. 6) . Compared to the control retina, in which RPGRIP1 is localized to the connecting cilium ( Fig. 6A and B) , RPGRIP1 is mislocalized to the outer nuclear layer (ONL) and photoreceptor synapses in Spata7
Flox/-; Crx-Cre retinas, shown at a lower magnification in Supplemental Fig. 6 , while an exoneme marker, acetylated α-tubulin, remains unchanged (Fig. 6 C, D , Supp. Fig. 6 ). These results suggest that SPATA7 exerts its role in photoreceptors by functioning as a component of the RPGRIP1-RPGR complex, where it is expressed, and loss of SPATA7 likely destabilizes this complex in the connecting cilium.
3.5. Characterization of Spata7 RPE-specific conditional knockout mice SPATA7 has been previously reported to be expressed in human RPE (hTERT RPE-1) cells . We performed RT-PCR on the RPE isolated from the adult mouse retina, the RPE + choroid, and whole retina from WT, Spata7 +/− and Spata7 null mice respectively (Suppl. Fig. 2 ). Furthermore, we performed immunostaining on retinal cryosections and detected SPATA7 specifically in the CC (Fig. 7A) . We refocused on the RPE region to overcome the difference in the focal plane between RPE and photoreceptor cells, which allowed us to visualize SPATA7 expression in the RPE and choroid regions in the mouse retina (Fig. 7B) . Furthermore, we merged SPATA7 with the bright field image to clearly demonstrate that SPATA7 is expressed in the RPE. Together, these results confirm that SPATA7 is expressed in RPE. To determine whether loss of Spata7 specifically in the RPE results in a retinal phenotype, we crossed Spata7 Flox/-mice with Best1-Cre transgenic mice, which expresses Cre specifically in RPE cells (Iacovelli et al., 2011) . To confirm the expression of Cre in the RPE of Spata7
Flox/-; RPE-Cre mice, we performed immunostaining of Cre recombinase in adult retinal sections, and detected strong Cre positive signals in the RPE at low and high magnifications (Supp. Fig. 5 A and B, respectively) . We assessed the overall retinal morphology of 2.5-month-old Spata7
Flox/-; RPE-Cre retinas by H & E staining and observed no obvious photoreceptor degeneration (Fig. 7C) . We also examined retinas of Spata7 Flox/-; RPE-Cre and Spata7
Flox/+ ; RPE-Cre control mice at 6.5 months of age, and consistently observed no significant differences in the overall retinal morphology (Fig. 7D) . Since no phenotypes are observed at this late stage, our data suggest that loss of Spata7 in the RPE alone is not sufficient to cause readily detectable retinal degeneration.
Discussion
Photoreceptors are post-mitotic cells that function throughout life in the visual process, in concert with other neurons in the retina. SPATA7, encoding spermatogenesis associated protein 7 (MIM 609868), was previously identified by our lab as a retinal ciliopathy gene in LCA3 and juvenile RP. SPATA7 is expressed in the connecting cilium of photoreceptors, the light sensing neurons in the retina, in RPE cells, as well as in the basal body of the primary cilium in hTERT-RPE-1 cells, which ; Crx-Cre mice had normal scotopic and photopic ERG responses, while Spata7 Flox/-; Crx-Cre cKO mice exhibited a significantly reduced response to light, with a 50% reduction in the a-wave amplitude under scotopic conditions (A,B) and a 20-30% reduction under photopic conditions (C) at 1 month of age. At 4 months, Spata7 Flox/-; Crx-Cre cKO mice showed a further reduction in the scotopic response (D, E) and a consistent reduction in the photopic response (F). Statistical analysis was performed using the Student's t-test (NS = not significant, p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001). n = 6 mice per genotype.
A. Eblimit et al. Experimental Eye Research 166 (2018) 120-130 play an essential role in supporting photoreceptor function and survival. SPATA7 is known to function in trafficking rhodopsin, a major Gprotein coupled receptor, as well as trafficking and assembly of the ciliary RPGRIP1 protein complex . Recently, we examined the effects of germline disruption of Spata7 and showed that Spata7 null mice exhibit early onset retinal degeneration, recapitulating the human disease phenotype, and that the mouse phenotype can be rescued by gene therapy Zhong et al., 2015) . In this study, we examine the role of SPATA7 independently in two major cell types in the retina, the photoreceptors and the RPE, to address its cell type-specific function in photoreceptor degeneration. Our findings indicate that RPE-specific deletion of Spata7 does not impair retinal function or survival, whereas loss of Spata7 in photoreceptor cells leads to retinal dysfunction and photoreceptor degeneration.
To assess the photoreceptor specific functions of Spata7 in vivo, we used the Crx-Cre transgenic mouse line which allowed us to remove Spata7 early during development since CRE recombinase is selectively expressed in developing photoreceptor cells under the control of the Crx promoter. CRE expression was first detected at embryonic day (E) 12.5 in postmitotic differentiating photoreceptors with prominent expression at E15.5 (Nishida et al., 2003) . Spata7 ; Crx-Cre mice was examined at P28, where more than 30% of photoreceptor cells were already degenerated. However, the onset of the phenotype is likely to be earlier than this time point, similar to the phenotype of Spata7 −/− mice, where onset occurs at P14. The post-developmental phenotypes of Spata7
Flox/-; Crx-Cre and Spata7 −/− mice are consistent with the clinical phenotypes of LCA/juvenile RP patients with mutations in SPATA7, where retinal degeneration occurs at birth or within a few months after birth (Mackay et al., 2011) . In humans, the central regions of the retina are well developed at fetal week 20 while the peripheral regions continue to develop, and by 5 months after birth, photoreceptor development is complete. Given the phenotypes of patients with SPATA7 variants and the phenotypes of the Spata7 conditional KO mice, it is likely that SPATA7 is important for photoreceptor maintenance and survival post-developmentally. In contrast, no retinal defects are observed in RPE-specific Spata7 cKO mice (Spata7 Flox/-; Best1-Cre), even as late as 7 months of age. Comparison of the phenotypes resulting from conditional loss of Spata7 in photoreceptors versus the RPE suggests that while loss of Spata7 in photoreceptors is sufficient to cause photoreceptor cell death, loss of Spata7 in the RPE does not substantially contribute to the phenotype. Flox/-; Crx-Cre (cKO) mice exhibit Rhodopsin A. Eblimit et al. Experimental Eye Research 166 (2018) 120-130 These findings imply that although SPATA7 expression in the RPE may not be required for photoreceptor survival, it may be involved in different processes with unique functions that remain unknown. Significantly, loss of Spata7 in photoreceptors alone results in morphological defects observable at P28. Compared to germline Spata7 null mice, the phenotype observed in Spata7
Flox/-; Crx-Cre mice is less severe during early stages; however, both the germline and photoreceptor specific-cKO mice have rapid, progressive retinal degeneration during adulthood. The difference between the onset and severity of phenotypes could be explained by the possibility that the Cre recombinase may not be expressed in every photoreceptor cell in the retina or that Cre-mediated recombination does not occur in every cell in which Cre is expressed, resulting in mild mosaicism. Examination of SPATA7 expression by immunostaining at post-natal day 6 (P6) shows a few SPATA7-positive cells (Supp. Fig. 3 ) in Spata7
Flox/-; Crx-Cre mice, indicating that this is a possible reason for the differential degeneration rate. Another possibility, though less likely, is that while loss of SPATA7 in the RPE is not sufficient to cause a phenotype, it may have some minor contribution to the overall retinal degeneration. Furthermore, contribution from other cell types could also be involved since SPATA7 is expressed in the INL and GCL as well.
Our findings show that both Rhodopsin and RPGRIP1 are mislocalized in Spata7
Flox/-; Crx-Cre mice, suggesting that loss of Spata7 in photoreceptors can result in altered trafficking of a sub-set of proteins in the connecting cilium. Rhodopsin is a member of the G-protein coupled receptor superfamily that functions in the phototransduction pathway by absorbing photons that activate the G-protein transducin, which leads to a cascade that allows light to be converted into an electrical impulse. Mutations in this gene account for 30-40% of all autosomal dominant RP patients (Parfitt and Cheetham, 2016; Thompson et al., 2014; Zalewska et al., 2014) , and over 200 point mutations in Rho have been identified in retinal dystrophy patients (RetNet https://sph.uth.edu/retnet/). Additionally, RPGRIP1, which encodes the RP GTPase interacting protein 1, is associated with autosomal recessive forms of LCA and cone-rod dystrophy (Koenekoop, 2005; Li, 2014; Murga-Zamalloa et al., 2009; Patnaik et al., 2015) . RPGRIP1 is also expressed in the connecting cilium and has been suggested to be a structural protein of the ciliary axoneme of the connecting cilium. RPGRIP1, together with its interaction partners RPGR (RP GTPase regulator) and nephrocystin-4 (NPHP4), is involved in ciliary protein trafficking (Boylan and Wright, 2000; Patil et al., 2012; Roepman et al., 2000) . In this study, we have shown that RPGRIP1 is mislocalized in Spata7
Flox/-; Crx-Cre mice, concordant with the observations in the Spata7 germline null mice. Importantly, this strengthens the hypothesis that SPATA7 function in photoreceptors is likely to be associated with ciliary protein trafficking, where it may work together with RPGRIP1/RPGR as a complex in the connecting cilium. Spata7
Flox/-; Crx-Cre mice will be invaluable for studying the role Spata7 plays in protein trafficking through the connecting cilium and gaining molecular insights into the mechanism of Spata7 function in a photoreceptor-specific manner in the retina. In summary, our data show that loss of Spata7, specifically in photoreceptors, causes loss of photoreceptor function and is required for PR survival. Further, we show that both rod and cone cell function is altered, suggesting that Spata7 is required for both photoreceptor subtypes. Additionally, our results suggest that Spata7 ablation in the RPE does not contribute substantially to photoreceptor degeneration. Together, these findings demonstrate an essential role for Spata7 in photoreceptor cell function and survival. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
